Development of greener water treatment technologies is important for the production of safe drinking water and water security applications, such as decontamination. Chlorine assisted disinfection is common and economical, but can generate disinfection byproducts (DBPs) that may be of health concern. DBPs are formed due to the reaction of chlorine with naturally occurring organic and inorganic substances in water. Currently, various innovative technologies are being developed as alternative approaches for preventing DBPs during water treatment. In this study, we evaluated the effectiveness of a novel combination of high efficiency flow filtration and UV disinfection treatment system for the removal of Bacillus globigii (B. globigii) spores in water. The filtration system consists of a charged membrane filter (CMF) that not only helps to remove suspended particles but also reduces the impact of other impurities including bio organisms. In order to get most performance details, the CMF was evaluated at clean, half-life, and end of life (EOL) conditions along with 100% UV transmittance (UVT). In addition, the effectiveness of the UV system was evaluated as a stand alone system at 100% and 70% EOL intensity. The study was conducted at the US EPA's Test and Evaluation (T&E) Facility in Cincinnati, OH, using B. globigii, a surrogate for B. anthracis spores. This non-chemical environmentally-friendly CMF/UV combination system and the stand alone UV unit showed greater than 6.0 log removal of B. globigii during the tests. demonstrate more aggregation, and their UV dose-response curves are more likely to tail off at the higher UV dose applications (Mamane-Gravetz & Linden ). In another study, Nicholson & Galeano () found no difference in UV inactivation between B. anthracis Sterne spores and two B. subtilis spore strains. In the current study, only 25-30 mJ/cm 2 UV dose was required for 1 log 10 removal of B. globigii. The low dose requirement in the current study could be a result of high UV exposure of microorganisms due to the unique internal water flow baffling design of the ATS-186 K UV system. The aforementioned system features and B. globigii suspension characteristics may have resulted in rapid reduction of test organisms.
INTRODUCTION
In both developing and industrialized nations, a growing number of contaminants are entering water supplies from human activities. Annually, millions of people die from diseases due to consumption of contaminated water (Hilborn et al. ) . A leading cause of water-related human death is related to intestinal parasitic infections and diarrheal diseases caused by waterborne bacteria and enteric viruses (CDC ). In addition, the events of September 11, 2001, in the US have raised concerns about the potential for intentional contamination of water supply systems using biological agents, as have natural disasters. These public health and environmental concerns have driven efforts to treat water sources, ensuring that the pathogens are removed and water sources are safe.
Although chlorination continues to be the most utilized disinfection treatment, the production of carcinogenic disinfection by-products (DBPs) and safety concerns with transporting, storage, and handling of chlorine gas have led to the development of alternate disinfection technologies (Bull et al. ) . In addition, disinfection or inactivation of some pathogenic biological contaminants through chlorination is ineffective at typical drinking water treatment disinfectant concentrations and contact times (Kotecha et al. ) . As a result, stakeholders are increasingly looking into new technologies or combinations of technologies for efficient removal of chemical and biological contaminants from drinking water systems. Sequential disinfection systems, such as combined UV/chlorine or ozone/chlorine, are being used by many drinking water treatment utilities.
UV and ozone combined systems are very effective for disinfection compared with free chlorine or monochloramine 
METHODS AND MATERIALS
Description of the CMF-cartridge component 
Description of the UV component
The ATS-186 K UV disinfection system operates at 254 nm wavelength in a closed vessel and uses four low pressure, high output amalgam lamps. The UV reactor vessel includes a set of UV lamps and baffles spaced along the vessel, which generate a helical flow of the water flowing along the UV lamps to enhance exposure of microorganisms carried in the water to UV radiation. The rated minimum UV dose of the system is 186 mJ/cm 2 at 76 Lpm flow rate through the disinfection chamber at the end-of-life (EOL) 70% UV transmittance (UVT) settings. The recommended EOL of the unit is 12,000 hours. As required by the EPA UV Disinfection Guidance Manual (UVDGM), a pre-calibrated UV sensor is fitted into the system to register the intensity and realtime visual indication of output as a percentage (US EPA c). The individual UV lamp output within the reactor is presented in Table 1 as required by the EPA UVDGM.
The ATS-186 K UV system has been independently validated by 3rd party Carollo Engineers, PA, as per UVDGM to provide 4 log reduction of B. pumilus, a surrogate for Adenovirus.
Experimental approach
The CMF and UV components were installed to test the system in either a combined mode or stand alone mode tridge for about 45 and 90 minutes to achieve half-life (50% block) and EOL (100% block), respectively, prior to the use of the respective cartridge for each challenge test. Approximately 96% (by volume) of ARD particles were below 5 μm, of which 40% (by volume) of the particles were greater than 2.5 μm. The ARD was obtained from Powder Technologies, Inc. (Burnsville, MN). Once the respective ΔP of the CMF was achieved, the turbid water test run was terminated, and the water tank was rinsed several times to remove residual ARD and refilled with activated carbon- Figure 2) .
One collimated beam test was conducted to determine the viability of B. globigii independently when exposed to UV light using stock solution during the full-scale reactor experiment.
RESULTS AND DISCUSSION
The UV sensor monitored each lamp positioned at various angles throughout the UV reactor. The reading of Lamp 1 was the highest, as it was positioned at the closest distance from the UV sensor. The positions of Lamp 2 and Lamp 4 were almost identical, and thus the readings for these two lamps were identical. The reading of Lamp 3 was in the middle range. The UV irradiation dose range monitored was 100% ± 2% for all of the tests except the 70% UV test (Table 1) .
Water quality parameters used for the study are presented in Table 4 for all five tests. Of the measured parameters, free chlorine, pH, total dissolved solid (TDS), hardness, and turbidity values were consistent among the five tests. The data revealed that iron and color increased slightly in the test water for the CMF and UV-blocked test conditions. Although the test water tank was flushed twice with clean activated carbon-filtered water after using ARDblended water to block the CMF cartridge, some residual ARD could have resulted in these higher concentrations (Table 4 ). The slightly higher iron and color values for the 70% UV condition could be a result of Bio-hume, which was used to block the UV system. Free chlorine (Cl 2 ) levels were negligible across all the tests, and neither iron nor manganese was found in the test water. The pH values were marginally basic, and hardness values varied from 130 to 160 mg/L. In general, water quality parameters of the test water were similar to those recommended in the NSF/ANSI 53 Protocol (NSF/ANSI ).
Experimental results revealed that the target influent B. globigii concentration of 10 6 -10 7 /100 mL was approximated in all test conditions (Table 5 ). Based on the influent B. globigii application rate, the CMF component showed 2.5 to 3.2 log 10 removal of B. globigii for the tested CMF conditions. Results revealed that the impact of CMF on B. globigii log 10 removal after 10 minutes was insignificant. The remainder of the B. globigii was inactivated by the UV component of the combined system. In the stand alone mode, the UV component showed more than 6.0 log 10 reduction of B. globigii even at the 70% block condition at similar B. globigii application rates of 10 6 -10 7 / 100 mL. Based on B. globigii influent application rates, the UV component of the combined system reduced more than two-fold of the B. globigii contaminant when compared to the CMF. Even though combining UV treatment with the CMF system was shown to enhance reduction of B. globigii, UV treatment alone may prove effective for B. globigii removal in the current study (Table 5 ). Although UV stand alone mode resulted in similar log 10 reduction, it is important to note that UV systems are commonly combined with an appropriate pre-treatment mechanism to ensure desirable turbidity levels and influent water quality. The CMF system was documented to reduce turbidity of water prior to entering the UV system. In general, the data suggests that the CMF/UV combined system can be used to remove B. globigii, a surrogate of B. anthracis, or similar bacterium <MDL ¼ below method detection limit. MDLs for free chlorine ¼ 0.02 mg L À1 , Fe ¼ 0.017 mg L À1 , Mn ¼ 0.002 mg L À1 , TDS ¼ 2 mg L À1 , Hardness ¼ 1 mg L À1 , Color ¼ 2 Pt-Co unit, and
Data in parentheses are ± standard deviation, n ¼ 2. Relative standard deviation is less than 5%.
NR ¼ not reported. 0 values used for log calculations and indicate below the detection.
